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Abslmct-In this paper, the space dilation concept for 
reducing crosstalk in Ti:LiNbO, directional coupler-based 
photonic switches operating at a single wavelength is applied 
using a new approach. A novel switch architecture is proposed 
for unieast nonblocking photonic switching networks to fully 
exploit the advantages of this method. Some properties of the 
switch architecture are derived and analyzed. The 
performance of the switch is also discussed and compared 
with other well-known network architectures. 
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I. INTRODUCTION 
hotonic switching architectures based on 2 x 2 
optical switching elements (SEs) are attractive since 
they can be constructed from directional couplers. The 
directional coupler switch is a device with two inputs and 
two outputs, both ofwhich are optical signals [I]. The state 
of the device is controlled electrically by applying different 
levels of voltage on the electrodes. 
Although other materials can be used as a substrate, 
lithium niobate is the most mature technology for 
directional coupler optical switch fabrication. A feature of 
these switches is they can route optical information 
regardless of its bit rate or coding format. Several 
directional coupler-based architectures had been proposed 
in  the literature [2,4,5,9,10,11]. 
Performance of optical architectures may be 
characterized by the following parameters: 
p . ' _ '  :
1. Optical path loss (worst case) 
2. Crosstalk (worst case) 
3. Total number of couplers required. 
4. Blocking properties 
Attenuation of light passing through the optical 
architecture is directly proponional to the number of 
couplers that the optical signal passes through. Therefore, 
for the purposes of this paper, the number of couplers in an 
inlet-outlet path will be used to characterize the optical 
path loss. 
There are two ways in which optical paths can interact 
with each other in a planar switching network causing 
optical crosstalk. The channels (wave-guides) carrying the 
signals could cross each other in order to imbed a 
particular topology. 
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This is called channel crossover. Alternatively, two 
paths sharing a switching element will experience some 
undesired coupling from one path to the other. This is 
called the switch crosstalk. The channel crossover however 
can be made negligible if the intersection angle is greater 
than 3"[4]. Thus, we will assume that switch 
crossovers are the major source of crosstalk in directional- 
coupler-based optical switching networks. The number of 
switching elements is a measure of the networks' 
implementation cost. Regarding the blocking properties, a 
network is either nonblocking in the strict sense, 
nonblocking in the wide-sense, rearrangeable, or blocking 
PI. 
The principal contribution of this paper is a novel 
architecture for nonblocking multistage space photonic 
switches implemented using Ti:LiNbO, directional 
couplers. The networks utilize a new approach of space 
dilation that guarantees connections between inputs and 
outputs with minimum switch crossovers and hence 
reduced crosstalk. Some properties including the number 
of SEs required, number of crossovers, system attenuation, 
and signal-to-noise ratio (SNR) are derived. 
Section I1 of this paper provides an overview of the 
basic element of our new architecture. In section 111, the 
development of the new NxN: nonblocking switching 
network architecture is explained. The network properties 
are derived in section 1V and the performance of the 
developed switch compared with other well-known designs 
is discussed in section V. Section VI concludes the 
discussion. 
il. THE BASIC ELEMENTS 
The spatial dilation concept for reducing crosstalk in 
switches operating at a single wavelength is well known 
[6].  It has been shown that adding more switches and 
switching signals via paths where only one signal is active 
can reduce the crosstalk. Fig. 1 illustrates the dilation 
principle. A 2 x 2 basic element switch is shown together 
with its dilated version. If E denotes the crosstalk intensity 
for the 2 x 2 switch element, it is straightforward to show 
that the dilated version exhibits crosstalk of 0 (E'), 
concept. They are modified versions of Fig. I (b) as shown 
in Fig. 2. 
. .  
The basic elements of our design are based on this 
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Fig. I (a) A 2 x 2 witch and (b) ill spacedilated verrion 
 fig^ 2 A spacedilated element: (a) 2 x 3, and (b) 3 x 2 
We will consider the 2 x 3 element as an input element and 
the 3 x 2 element as an output element. Without applying 
any control on them both elements suffer crosstalk at only 
one stage (i.e. the sewnd stage of the input element and 
the first stage of the output element). The input elsment 
can however, be controlled - as in dilated Benes networks 
- to be free of first order crosstalk.. For unicast 
connections, only two signals will arrive at the inputs of 
the output element and therefore both .elements are 
nonblocking in the strict sense. 
111. THE SWITCH ARCHITECTURE 
The elements of Fig. 2 are symbolized in Fig. 3. The 
proposed architecture is constructed by adapting the idea 
of the Clos network. The input elements will be used on 
the input (left) side while the output elements will be used 
on the output (right) side of the network, In our case -of 
course- we have more stages because we are us& the 
input elements and the output elements in correspondence 
to the elements of the t int  and the I& stages of the Clos 
network (and subnetworks) respectively. 
The general NxN switch network where N=2", n is an 
integer and n >_ 2 is illustrated in Fig. 4. The ana1ysi.r of the 
network can be made in the following manner. F:or this 
network and all its' subnetworks, all input switches are 2x3 
elements and all output switches are 3x2 eloments. 
Connection between a given input switch and a given 
output switch is made via three subnetworkr each 
consisting of N/2xN/2 similar architecture. The an:ilysis is 
recursively applied on the subnetworks themselves. 
To illustrate an example a 4x4 network employing the 
2x3 and 3x2. elements is presented in Fig. 5 .The cletwork 
consists of two 2x3 input elements, three 2x2 subrletwork 
switches, and two 3x2 output elements. The 2x3 and 3x2 
switches are shown inside dashed boxes. Actually, the 4 x 
4 switch represents the smallest network that can exploit 
the advantages of this space dilation approach rind the 
basic 2x2 SE represents the smallest possible subnetwork 
Fig. 4. The proposed N x N network 
Fig. 5. A 4  x 4 space dilated nshwrk 
IV. SOME PROPERTIES OF THE PROPOSEDNETWORK 
A .  Nonblocking Characteristics 
The proposed network is shown to be nonblocking inthe 
strict-sense by the following properties: 
Lemma 1 The 2x3 and 3x2 elements are strict-seme 
nonblocking. 
Any future connection can always be made without 
disturbance or additional rearrangement of the ,existing 
paths. 
Lemma 2 The architechre guarantees that the network is 
free of internal blocking. 
This is true because the network follows the same idea of 
the 3-stage Clos architecture and therefore a free path 
always exists to wnnect a new call. 
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B. Total Number ofSwitchingE1enients 
To calculate the total number of SEs for the proposed 
network let S& and SEs represent the SEs of the complete 
network and of the subnetwork, respectively. Since any 
NxN network has N basic elements each consisting of 4 
switches and three subnetworks, we can write: 
SET=4N+3.SEs (1) 
If the subnetworks are analyzed in the same way and SEs 
is recursively substituted a general formula can be 
obtained. So generally; 
"-1 
SE, =3"-' + 2 " ~ 2 " ? 3 x  (2)  
I=I 
C. Sysfem Attenuation 
The system attenuation of an optical network is 
determined primarily by the insertion loss of the 
architecture. For simplicity, we ignore the effect of the 
crossover factor, which is less significant to the system 
attenuation. The insertion loss is dependent upon the 
number of SEs that a connection must travel. A switch in 
LiNbO, has an insertion loss L. in dB, associated with it. 
An additional attenuation occurs due to waveguide-to-fiber 
coupling and is represented by W, in dB. Typically, L=ldB 
and W=l-2 dB. 
It can be shown that each connection on the proposed 
network has to travel across a number of (4n-3 )  SEs. 
Thus, the maximum insenion loss for the network is given 
by: 
IL=(4n-3)L+Z.w (3) 
D. Signal to-Noise Ratio 
Each SE that signal passes through introduces a small 
amount of crosstalk from other channel into the desired 
signal channel. The signal-to-noise ratio (SNR) for an 
optical switch can be estimated by determining the number 
of SEs that the signal passes through and how much power 
will be leaked into the signal channel at each point. 
For the proposed network. because of the dilation 
approach applied and the architecture adopted, crosstalk is 
only encountered at all even stages plus the middle stage. 
In the 4x4 network of Fig. 5 ,  for instance, crosstalk occurs 
at stage two and four plus the middle stage, stage three. the 
total number of SEs that can cause crosstalk in the worst 
case is therefore '2 logz N - 1 . The S N R  can be calculated 
using an approach similar to that in [9]. 
Let Pour(i) represent the total power in dB of a signal that 
arrives at a given outlet i. Thus, 
4,",(0 =e"(<) - E  (4) 
Where is the power in dB entered into inlet i and IL is 
the system insertion loss. The noise that enters the outlet is 
the sum of the noise power that enters in the form of 
crosstalk. In the worst case, the noise that enters the outlet 
i from inletj, PMcf l , j , ,  can be calculated as, 
PN(i,j) = &+) - x - IL ( 5 )  
Where X is the extinction ratio of the switch element. The 
total noise in the outlet i is the sum of the noise power 
caused by 2 log2 N - 1  channels. Therefore, we have 
P ~ ~ , , ~ ~ ~ [ W a ~ t s l =  (2n -l) .PM(i, j)[Waml (6) 
Converting into decibels gives 
~ N ~ ~ ~ ~ I ~ I ~ B I =  10 h i o  (2- 1) + p ~ ( i . j ) [ d B l  (7) 
The worst case ShX is 
sNR = &(I) p N ( m k d )  (8) 
By equations (4), (5), and (7), we have 
SNR = X -10 logl,,(Zn- 1) (9) 
E. Maximum Number of CrossoversBehveen an Inlet- 
Ourlet Pair 
The number of crossovers in a single substrate optical 
switch has an important influence on the performance 181. 
Crossovers may cause crosstalk, signal loss, and design 
complexity. The maximum number of crossovers that a 
path for an inlet-outlet pair must travel is related to the 
worst case system attenuation and the SNR. Let C(N) 
represent the maximum number of crossovers between" 
inlet-outlet pair in an NxN network and C(NI2) represent 
the maximum number of crossovers inside the subnetwork. 
Observing Fig. 7, the maximum number of crossovers that 
can be traveled by a signal along the worst-case inlet-outlet 
path is: 
(10) C ( N )  = 2(N - 1) + C(N / 2 )  
By recursively calculating for the crossovers inside the 
subnetworks, 
C ( N )  = 2(N -1)+2(N / 2 - 2 )  + 2 ( N  /4-  2)  
+... +2(N / N 14- 2)+ 2(n - I) (1 1) 
With N=2". we have 
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maximum attenuation allowed for the system without 
amplification or regeneration is assumed to be 30 dB. 
The Benes, the EBN, and the NWN networks have the 
lower insertion. However, the Benes network is 
rearrangeably nonblocking while the extended baseline has 
more crossovers. Since the NWN network results in a far 
lower IL from the assumed constrain of 30dB. it is possible 
to apply the design idea for larger size networks (~128).  
. 
V. PEWORMANCE ANALYSIS AND COMPARISON 
Several photonic switching architectures are compared 
with the proposed network. They are the crossbar, the N- 
stage planar, the Benes, the 3-stage Clos, and the WWN 
networks. Most of these networks have been analyzed and 
compared in the literature [4,9,10,1 I]. We compare them 
further with our network. A summary on the characte:ristics 
of these networks is given in Table 1. 
A. Blocking Characferistics 
The proposed network shows same nonblocking 
performance as the Clos network which is better than the 
performance of the other networks. The crossbar switch 
used to be reported as strictly nonblocking becausc it is 
easy to enforce. We list it as nonblocking in wide sense by 
definition. 
B. Number of SEs Required 
The number of SEs required in each type'of networkis 
plotted in Fig. 6. The 3-stage Clos network is made up by n 
x m subnetworks at the first stage, r x r subnetworks at the 
middle stage, and m x n subnetworks at the last stage. It 
can be shown that N=r.n. It is also well known that a 3- 
stage Clos network is nonblocking if m=2n-I. We assume 
crossbar switches are used in each stage of Clos network. 
The Benes, the N-stage planar, and the N U "  networks 
require fewer SEs than the others. The proposed network, 
however, requires fewer couplers than the Crossbar and the 
Clos networks. 
C. /mercion Loss 
The system insertion loss in dB for each network is 
plotted in Fig. 7, where L=ldB and W=2dB. As in [lo] the 
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Fig. 6 The number of SE.? required for various network topolog&r 
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Fig. 7 The system insenion loss for various nehuok topologies 
Newor* Nonblocking Number o f S k  1UdW SNR(dB) cmssovers 
Crossbar Wide-sense NZ (2N -1).L c2.W X-IOloglO(N-I) 
Planar Rearrangeably N.(N -1)/2 N.L + 2.W X-IOlogIo N 0 
Benes Rearranieably ( N  /2).(2n- I) 2n.L + 2.w x - lologlo(2"-l)  W - n - 1 )  
(2.s.+2.m +Z.r -3 ) .L  f 6.W x - 1 0 l ~ ~ ~ ~ ( ~  + m + r )  2.(m-I) . (r-  I) z.n.m.r+ m.r2 Clos Strict-sense 
NWN Wide-sense (4n - 31.L + 2.w X - 1010glo(2n- I) 
k = l  
3"-' +"f' In+'. (312)' 
==I 
2(n- I ) +  2"22(2"-' -2) Proposed Strict-sense 3"-1 +2""~22"-x ,3 .  (4"-3) .L f2.W x -  IOlog10(2n- I) 
X=O t=O 
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D. Signal -10- Noise Ralio 
The SNR in dB for each network is plotted in Fig. 8. The 
extinction loss is assumed to be 20 dB. To achieve a bit 
error rate of lower than the required SNR should be 
greater than I IdB (rough approximation). The proposed 
network has the same SNR performance as NWN and 
Benes, which is the best among the given designs. When 
the SNR is assumed to be 11 dB, the achievable switch 
dimension of the proposed network can be as large as 32 
E. Maximum Number of Crossovers Between an Inlet 
Outlet Pair 
The maximum' number of crossovers between an inlet- 
outlet pair in the worst case for each design is plotted in 
Fig. 9. The crossbar and planar networks have zero 
crossovers (not shown in the graph). The Benes, Clos, and 
NWN networks have fewer crossovers than the proposed 
network. However, crossbar and Clos require more SEs 
while planar and Benes are rearrangeably nonblocking. 
VI. CONCLUSION 
A new approach for applying space dilation concept on 
lightwave networks has been presented. Based on this 
approach a new architecture for photonic switching 
networks has been proposed. The architecture is shown to 
be strict-sense nonblocking. Some characteristics of the 
proposed network are analyzed and compared with other 
well-known topologies. 
Compared with Clos network, the proposed network 
requires fewer number of SEs, suffers less insertion loss, 
has better SNR, and can be constructed completely using 
2x2 directional couplers. 
Although the authors did not present all the properties of 
the dilated Benes network in [6] we can safely claim that 
the proposed network is superior to the dilated Benes in the 
total number of SEs required and the nonblocking 
performance. 
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